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Abstract
Properties of thin films of geometrically frustrated ABC stacked antiferromagnetic kagome lay-
ers are examined using Metropolis Monte Carlo simulations. The impact of having an easy-axis
anisotropy on the surface layers and cubic anisotropy in the interior layers is explored. The spin
structure at the surface is shown to be different from that of the bulk 3D fcc system, where surface
axial anisotropy tends to align spins along the surface [111] normal axis. This alignment tendency
then propagates only weakly to the interior layers through exchange coupling. Results are shown
for the specific heat, magnetization and sub-lattice order parameters for both surface and interior
spins in three and six layer films as a function of increasing axial surface anisotropy. Relevance to
the exchange bias phenomenon in IrMn3 thin films is discussed.
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I. INTRODUCTION
Investigations of the antiferromagnetic (AF) kagome lattice continues to reveal unusual
classical and quantum spin structures1,2 largely due to the macroscopic degeneracy associated
with the four nearest neighbors (NN) of corner sharing triangles3–5. With only Heisenberg
(or XY) exchange interactions, q=0 or
√
3×√3 magnetic order characterized by planar 1200
spin structures are among the degenerate ground states of the 2D lattice. Three-dimensional
structures composed of weakly coupled kagome layers having rhomohedral symmetry or
distorted hyperkagome lattice structures have also been studied6,7.
Recent studies of a truly 3D kagome structure embedded in a fcc lattice composed of
ABC stacked kagome layers along 〈111〉 directions with eight AF NNs (depicted in Fig. 1)
have been motivated by the ordered L12 phase of IrMn3 and its sister compounds. Neutron
diffraction measurements8 revealed the so-called T1 structure, in which Mn spins lie in {111}
planes along 〈112〉 directions. These correspond to the q=0 kagome spin configuration4,
which may be characterized as three interpenetrating ferromagnetic sublattices. First prin-
ciples calculations9 show an unusually strong effective cubic anisotropy term with local axes
along 〈100〉 directions (see Fig. 1). In the same article, simulations using stochastic micro-
magnetic equations were reported along with confirmation of the T1 ordered state and high
transition temperature TN ≈ 1145 K, consistent with experiment8. Monte Carlo (MC) simu-
lations of bulk IrMn3 without anisotropy were conducted in Ref.
10, and with cubic anisotropy
added in Ref. 11 based on the Hamiltonian obtained in Ref.9. They also confirmed the T1
state and showed that including cubic anisotropy changes the order of the transition from
first to second and gives rise to a net magnetization perpendicular to the kagome planes.
The lifting of some of the degeneracies of the basic 2D structure when imbedded in the 3D
fcc system, together with the effects of the cubic anisotropy, were shown to impact the spin
wave dispersion curves12.
In contrast with thin ferromagnetic films13,14, layered structures composed of stacked frus-
trated AF lattices have received relatively little attention. Surface anisotropies (typically
of the axial type normal to the film plane) can be substantial in magnitude and compete
with those in the bulk15,16. In the case of ferromagnetic films, it is well known that that the
combined impact of finite-size effects associated with the reduced geometry as well as a re-
duction of coordination number and symmetry at the surface, can lead to significant changes
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in the spin structure relative to the bulk case. Most of the focus on AFs has involved he-
limagnets stabilized by either competing exchange interactions17 or Dzyaloshinskii-Moriya
interactions18,19. Studies of surface effects in geometrically frustrated AFs have been iso-
lated but reveal that profound changes can occur in the magnetic order20, especially when
sandwiched with a ferromagnet21.
Alloys of IrxMn100−x, in both ordered and disordered phases, have found widespread util-
ity in magnetic recording technology as the pinning AF layer, giving rise to the exchange
bias (EB) phenomenon, in multi-layer spin valves22,23. A neutron scattering investigation of
200 nm films of chemically ordered IrMn3 suggests that the bulk T1 structure is preserved
in this case but that chemically disordered films revealed a new magnetic structure char-
acterized by a tilting of the moments away from cube face diagonals by about 45◦24. This
work also reports on studies of IrMn3/Fe(bcc) bilayers and exchange bias was measured. Of
particular relevance to the present work is an electronic structure study of IrMn3/Co(fcc)
interfaces giving rise to a moderate surface anisotropy where the surface spin structure im-
pacts the magnetic order in the first two or three layers and exhibits perpendicular coupling
between Mn and Co spins25. This model, which includes Dzyaloshinskii-Moriya type anti-
symmetric exchange, served as the basis for a subsequent stochastic micromagnetic study of
IrMn3/Co(fcc) films that yielded EB, detected from calculated MH hysteresis loops for a
magnetic field applied perpendicular to the film plane26. We note that in spin-valve technol-
ogy, EB is measured with the field applied in the film plane and the microscopic mechanism
may be quite different.
In the present work, spin structures in the ground state as well as at finite temperature are
examined using an effective field method and Metropolis MC simulations for three and six-
layer ABC stacked kagome layers forming (111) planes. Interior layers are assigned a cubic
anisotropy (as in the bulk case) whereas surface layers are given a uniaxial aniostropy −DS2z′
(where zˆ′ is perpendicular to the (111) plane), as illustrated in Fig. 2. The magnetic order
of the surface and interior layers, as well as the Ne´el temperature, are studied as a function
of D. The relative impact of the two types of anisotropy on the reduction of the fundmental
kagome spin degeneracy is discussed. Special attention is given to the magnetization with a
view of its potential relevance to the EB effect.
The remainder of the paper is organised as follows. In Sec. 2, a model for thin films of
IrMn3 is described. In Sec. 3, the ground state of the system is analyzed analytically with
3
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FIG. 1: Fcc atomic structure of the bulk IrMn3. Ir ions (blue) at the vertices of the cube
are not magnetic. Mn ions (red) form magnetic kagome lattices in {111} planes. Local
anisotropy axes are depicted.
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FIG. 2: Schematic model of the thin film with three layers.
results supported by calculations using an effective field method as well as MC simulations
(with details provided in an appendix). In Sec. 4, MC simulation results on the specific
heat are presented for the thin films at surface and interior layers. Corresponding results for
the order parameters and magnetization are shown in Sec. 5 and Sec. 6, respectively. Our
conclusions are given in Sec. 7.
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II. THE MODEL
We consider thin films composed of ABC stacked kagome layers. Inspired by the work in
Ref. 9 and taking into account effects of axial surface anisotropy, we consider the Hamiltonian
H =− J∑〈NN〉 ~Si · ~Sj −K∑γ∈{x,y,z}∑i∈bulk(~nγ · ~Si)2
−D∑i∈surface(~n111 · ~Si)2, (1)
where ~nγ are unit vectors along x, y and z axes of the conventional fcc cell of the correspond-
ing bulk lattice and ~n111 is a unit vector normal to the surface (in the [111] direction). Here,
the isotropic exchange interaction (J) is restricted to the NN interactions. It is also assumed
that the exchange interaction is the same for six NN surface spins and the eight NN interior
spins. The second term includes the contribution of the effective on-site cubic anisotropy9,
and the third term represents the assumed axial surface anisotropy. For the remainder of
this paper, dimensionless units are defined by taking J = −1. In the particular case of
IrMn3, the cubic anisotropy constant has been estimated as 10% of value of |J |9 so that we
assume here for convenience the value K = 0.1 throughout. The surface anisotropy constant
D is varied over a range of positive values thus defining an easy axis which is perpendicular
to the plane, which is common in thin films13,14. Note that a negative value of D would not
influence the spin structure in the ground state except to force the surface spins to lie on
the (111) plane.
III. GROUND STATE
The following analysis of the ground state spin structures corresponding to the model
described above is carried out for three and six layer films in the Cartesian coordinate
system with axes coinciding with the conventional unit cell of the corresponding infinite fcc
kagome lattice. While the generalization of the analysis of ground state properties to a larger
number of layers is straightforward there is little qualitative change in the spin structure and
the extension to the general case is only discussed briefly towards the end of this section.
Based on the results from low temperature MC simulations we assume here, as in the
bulk case11, that there are only three distinct spin directions in each layer. Denoting the
surface spins by S1,S2,S3, and the interior spins by M1,M2,M3 such that spins with the
index 1 have as NNs only spins with indices 2 and 3, spins with the index 2 has NNs only
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those with indices 1 and 3, etc. The local cubic anisotropy axes for the interior spins M1,
M2, and M3 are xˆ, yˆ, and zˆ, respectively. For the three layer case the expression for the
energy may then be written as
E = − 4
9
J (S1 · S2 + S1 · S3 + S2 · S3)
− 2
9
J (M1 ·M2 +M1 ·M3 +M2 ·M3)
− 2
9
J [M1 · (S2 + S3) +M2 · (S1 + S3) +M3 · (S1 + S2)]
− 2
27
D[(S1x + S1y + S1z)
2 + (S2x + S2y + S2z)
2
+ (S3x + S3y + S3z)
2]− 1
9
K
(
M1x
2 +M2y
2 +M3z
2
)
. (2)
To study minimum energy spin configurations based on Eq. 2 for K = 0.1 as a function of
D we first consider the two case limiting cases D  K  |J | and K  |J |  D as these
limits can be treated analytically. Numerical results based on an effective field method27
are also presented over a range of values of 0 < D ≤ 10 that interpolate between these two
limiting cases.
Consider first the limit D  K  J and begin by with the specific case D = K = 0.
In the absence of anisotropy the spins will align to minimise the exchange energy such that
Si = Mi and
Si · Sj = Mi · Sj = Mi ·Mj = −1
2
for i 6= j (3)
with Eex = −5J/3. We note that the minimum exchange energy is highly degenerate since
it is invariant under any global rotation of the spins. To understand this degeneracy we
define ground state Φ0 in which the spins all lie in the (111) plane with
S1 = M1 =
1√
6
(−1, 2,−1) (4a)
S2 = M2 =
1√
6
(2,−1,−1) (4b)
S3 = M3 =
1√
6
(−1,−1, 2) (4c)
This 1200 spin configuration is shown schematically in Fig. 3(a). From this we can construct
a sequence of ground state spin configurations by a rotation of Φ0 around the axis u =
(1,−1, 0)/√3 by some angle θ to generate a new ground state Φ(θ) = (Mi(θ),Si(θ)) where
Mi(θ) and Si(θ) are defined by
Si(θ) = Mi(θ) = Ru(θ) ·Mi (5)
6
with Ru(θ) representing the rotation tensor. Figures 3(b) and 3(c) show the states
Φ(70.582◦) and Φ(90◦), respectively, discussed below.
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FIG. 3: Ground state spin configurations for various limiting cases of the parameters D, K
and J are shown schematically. The triangular surface shown in all the above figures
indicates the (111) surface. (a) The ground state spin configuration for D = K = 0 refered
to as Φ0 in the text. (b) The ground state spin configuration for both the interior spins
(Mi) and the surface spins (Si) for the case D = 0
+, K = 0.1 and |J |  K, (c) ground
state spin configuration for the surface spins (Si) for the case D  |J |. (d) The ground
state spin configuration for the interior spins (Mi) for the case K = 0.1 and K  |J |  D.
This degeneracy is broken by both the cubic anisotropy of the interior spins and the axial
anisotropy of the surface spins. We consider first the case of finite K = 0.1 and D = 0. The
normalised cubic anisotropy energy cubic(θ) = −(M21x(θ) + M22y(θ) + M23z(θ)) is plotted in
Fig. 4 over the range −pi ≤ θ ≤ pi. From Fig. 4 we see that cubic(θ) is two fold degenerate
with minima corresponding to θ1 ≈ 70.6◦ and θ2 = 180◦ with cubic(θ1) = cubic(θ2) = −2.
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We note that the spin configuration corresponding to the state Φ(θ1) lie in the (111¯) plane,
while for the Φ(θ2) they lie in the (111). The specific spin configuration for the Φ(θ1) state
is given by
S1 = M1 =
1√
6
(−2, 1,−1) (6a)
S2 = M2 =
1√
6
(1,−2,−1) (6b)
S3 = M3 =
1√
6
(1, 1, 2) (6c)
and is shown schematically in Fig. 3(b). Thus the effect of the the cubic anisotropy is
to reduce the continuous degeneracy of a global rotation to a eightfold degeneracy (as we
could have equivalently used the [011] or [101] as our axis of rotation, or reversed the spins
(Si → −Si in Eqs. 4).
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FIG. 4: Plot of the nomalised anisotropy energies cubic = −
∑
i(M
2
1x(θ) +M
2
2y(θ) +M
2
3z(θ))
and axial = −
∑
i(Si(θ).nˆ111)
2 calculated for the states Φ(θ) as a function of the rotation
angle θ.
A plot of the normalised axial anisotropy energy axial(θ) = −((S1.nˆ111)2 + (S2.nˆ111)2 +
(S3.nˆ111)
2) as a function of θ is also presented in Fig 4. The graph shows two minima at
θ = ±90◦ in which the spins lie in the (112¯) plane with S3 directed along nˆ111 axis, as shown
in Fig. 3(c), and two maxima at θ = 0 and 180◦ in which the spins lie in the (111) plane.
The two curves show that the surface axial anisotropy will break the degeneracy of the Φ(θ1)
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S1 S2 S3 M1 M2 M3 nˆ111
S1 119.55
◦ 120.23◦ 119.64◦ 120.23◦ 119.9◦
S2 119.55
◦ 119.64◦ 119.64◦ 120.23◦ 119.9◦
S3 120.23
◦ 120.23◦ 120.13◦ 120.13◦ 7.8◦
M1 119.64
◦ 120.13◦ 119.72◦ 120.11◦ 119.9◦
M2 119.64
◦ 120.13◦ 119.72◦ 120.11◦ 119.9◦
M3 120.23
◦ 120.23◦ 120.11◦ 120.11◦ 9.1◦
TABLE I: Angles between NN spins and the surface normal, nˆ111, in ground state
configuration calculated for K = 0.1 and D = 0.02 using perturbation method desrcibed in
Appendix A.
and the Φ(θ2) states; D = 0
+ will select Φ(θ1) as the ground state while D = 0
− will select
the Φ(θ2) state. Since we are interested only in the case D > 0, Φ(θ1) is the relevant ground
state when D is small yet finite.
The above results apply when D = 0+, K = 0.1 for K  J . In order to compare
the ground state spin configuration obtained in these limiting cases with that obtained for
small but finite D and for K = 0.1, we have calculated the ground state to second order
in K/J and D/J . The details of the perturbation theory are described in Appendix A and
the results tabulated in Table I. The angles between NN spins calculated for K = 0.1 and
D = 0.02 are very close to, but not exactly equal to, 120◦. However, the angle between the
spins and the surface normal is significantly different (eg. in the limit D → 0+ we have, with
an overline denoting the angle between two vectors, ˆ̂n111S3 = 19.5
◦ and ˆ̂n111S1 = 118.1◦)
and clearly shows the effect of the surface axial anisotropy tilting the spins towards the nˆ111
axis while essentially maintaining the characteristic 120◦ kagome spin structure between the
NNs.
The other limit that admits an analytical solution is the case K  J  D. Here, surface
anisotropy will dominate and hence the surface spin structure will be of the Ising type with
the spins aligned along the nˆ111 axis, with S3 pointing away from the plane and S1 and
S2 pointing towards the interior, as shown in Fig. 3(c). Whereas in the previous case the
dominant nature of the exchange required that Si = Mi, such an assumption cannot be
made here. Instead, noting that the interlayer exchange only couples S2 and S3 to M1, and
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given that S2 = −S3, then the net exchange field acting on M1 will be zero. A similar
argument may be applied to M2. On the other hand M3 will experience a net exchange
field from S1 and S2 which is finite. Based on this argument, the expression for the energy
given by Eq. (2) reduces to
E = − 2
9
J(M1 ·M2 +M1 ·M3 +M2 ·M3)− 23D + 49J
− 1
9
K
(
M1x
2 +M2y
2 +M3z
2
)
+ 4
9
√
3
J(M3x +M3y +M3z). (7)
From here it immediately follows that for K  J the ground state solution for the middle
layer spins will be of the form given by Eq. 5 with M3 pointing in the [111] direction as
shown schematically in Fig. 3(d).
The above analysis shows that in the limit K  J , the effect of the surface axial
anisotropy is to transform the essentially antiferromagnetic q = 0 ground state with the
spins lying in the (111¯) plane in the limit D → 0+, into a state in which the surface spins
are aligned perpendicular to the (111) plane in a collinear ferrimagnetic configuration (S3
up, S1 and S2 down), while the interior spins are simply rotated by 90
◦ around the (11¯0)
axis so that M1, M2 and M3 are aligned parallel to the (112¯) and M3 is aligned parallel to
S3 (such that the angle betwen NN interior spins is 120
◦ in the limit D →∞).
To determine how the system transforms between the two limiting cases discussed above
we have computed ground state of Eq. 2 using the effective field method of Ref.27 for
K = 0.1 and 0 < D < 10. Calculations for both L = 3 and 6 were performed on lattices of
size 6× 6×L with periodic boundary conditions in the lateral direction. A schematic of the
ground state configuration for K = 0.1 and D = 1.0 is shown in Fig. 5 for the three layer
case.
FIG. 5: Ground state of the 3-layer system with D = 1 and K = 0.1.
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To illustrate the dependence of the ground state spin configuration on D, the angles
between the NN spins within the same layer, denoted by ŜiSj and M̂iMj, and adjacent
layers, denoted by M̂iSj, are plotted as a function D for the three layer case in Fig. 6. The
angles were calculated for each pair of adjacent spins and then averaged over the lattice. All
of these ground-state results were verified by zero-T MC simulations using lattices 18×18×3
at a temperature T = 10−6.
 
 
 
(a) 
(b) 
FIG. 6: Ground state angles for the three layer system (a) between spins in the same layer
and (b) between spins in adjacent layers plotted as a function of D for K = 0.1.
The significance of these results from the perspective of exchange bias is clearly demon-
strated in Fig. 7 in which the ground state surface magnetization per unit spin together with
magnetization per unit spin of the interior layer(s) for both L = 3 and 6 are plotted. The
11
data show a significant surface magnetization which increases with increasing D, saturating
at Msurf = 1/3 per spin for both the three and six layer cases. In the three layer case, the
magnetisation of the interior layer initially increases from effectively zero to a maximum
value of 0.04 at D ≈ 1.4, decreasing monotonically thereafter. For the six layer case, the in-
terior magnetisation is effectively zero (Mint < 0.0009) over the entire range of D . Thus the
effect of the axial surface anisotropy is to induce a ferrimagnetic surface spin configuration
with a finite surface magnetization enclosing an antiferromagnetic kagome spin configuration
within the interior layer(s).
 
(a) 
(b) 
FIG. 7: A plot of the magnetization per spin of the surface and interior spins as a function
of D for both (a) three layer and (b) six layer cases.
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IV. MONTE CARLO SIMULATIONS
The MC simulations presented in this section have been carried out for systems consisting
of L layers, with L = 3 and 6, of area 18× 18. In all cases, the system is initialized to some
random spin configuration and a simulation performed at some suitably high initial temper-
ature (typically T=2.5). The system is then cooled by using the final state of the previous
simulation as the initial configuration for the subsequent simulation, as the temperature is
lowered. Between 2.0× 105 and 2.5× 105 MC steps (MCS) were used, with the initial 10%
being discarded for equilibration.
Figure 8 shows the specific heat per spin for the three and six layer systems with K = 0.1,
as a function of temperature and surface anisotropy D. The sharp peaks correspond to the
onset of magnetic order. We note that for sufficiently large D the specific heat data for the
three layer system exhibit a broad shoulder at high temperature that does not appear in the
six layer case.
That the high-T shoulder is observed only for three-layer film suggests that it is a surface
effect. To confirm this we introduce the quantities Csurf and Cint defined as the contributions
to C arising from the energy fluctuations of the surface and the interior spins, respectively,
These are given by the following expressions
Csurf = kBβ
2 (〈E2surf〉 − 〈Esurf〉2) (8)
Cint = kBβ
2 (〈E2int〉 − 〈Eint〉2) , (9)
where Esurf and Eint denote the energy associated with the surface and interior layers re-
spectively. The data for Csurf and Cint as a function of T are shown for in Figs. 9 and 10
and suggest that the high-T shoulder may be attributed to surface term in the Hamiltonian.
This is analogous to the Schottky anomaly [28] observed in simulations performed at large
K values in bulk IrMn311.
Figure 11 shows the transition temperature for both three and six layer cases as a function
of D estimated from the peaks in the specific heat. As expected for thin-film systems16, the
ordering temperatures estimated from the specific heat data are, in all cases, less than that of
the bulk system, TN ' 0.5211. For the three layer film, there is well formed maximum in the
specific heat near D = 0.7, which also exists for the six layer case but is not so pronounced.
We also note that as D →∞, TN does not tend to 0, but to some finite value because the D
13
  
(a) 
(b) 
FIG. 8: Specific heat for (a) three layer and (b) six layer films.
term acts only on the surface spins and the system can still establish order through coupling
to the interior layers. By way of comparison, for K = D = 0.1, the transition temperature
is about 0.52 in the 3D case. The thin-film results above indicate that it has values of about
0.41, for L = 6 and 0.25 for L = 3. Comparing Figs. 8 and 10 it is evident that the interior
spins in the six layer case provide the main contribution to the magnetic order, as expected.
14
  
(a) 
(b) 
FIG. 9: Contribution to the specific heat from surface layers for (a) three layer films and
(b) six layer films.
V. ORDER PARAMETER
The ground states of the form given by Eqs. 4 consist of three interpenetrating ferromag-
netic lattices and therefore the onset of order can be characterised by the order parameter11
Mt =
1
N
∑
layers
∑
γ
∣∣∣〈∑iγ Si〉∣∣∣ (10)
where
∑
γ denotes the sum over three sublattices. The order parameter defined by Eq. 10
is calculated from cooling cycles for both three and six layer films is plotted as a function of
temperature in Fig. 12. The transition temperatures deduced from these figures correspond
15
  
(a) 
(b) 
FIG. 10: Contribution to the specific heat from interior layers for (a) three layer films and
(b) six layer films.
approximately to those estimated from the specific heat peaks. Differences between the three
and six layer films are attributed to the relative contributions of the surface vs interior layers.
The plots of Mt show that for three layer films the order parameter is not always saturated
at zero temperature and that some of the points show over a much wider range of scatter
around the transition temperature than the corresponding results for the six layer case.
These features are largely independent of the value of D. Such effects may be attributed
to the presence of planes of atoms in which pairs of NN spins have been interchanged as
discussed earlier in Section III and described for the 3D case in Refs. 10 and 11 . In the
absence of the cubic anisotropy (ie K = 0) the ground state energy of the thin film, like the
16
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FIG. 11: Transition temperature deduced from specific heat plots.
3D fcc Kagome lattice, is left invariant by the presence of such defects. This give rise to the
large degeneracy of the ground state spin configurations that characterises the kagome lattice
in both two and three dimensions. The presence of a finite cubic anisotropy (ie K > 0) lifts
this degeneracy and serves to suppress the presence of such defects at low temperatures.
Previous simulation studies in the case show that a value of K = 0.1 is sufficient to remove
such defects over the entire temperature range 0 < T < TN
10.
In the context of the current model the effects of the anisotropy terms on these defects
are somewhat more complicated. It can readily be shown that the axial surface anisotropy
leaves the energy invariant under the interchange of NN spins along planes of atoms. This
is consistent with the observation that the scatter in the order parameter near TN and the
lack of saturation at the lowest temperature observed in the results presented in Figs. 12 is
largely independent of the parameter D. The suppression of such features with increasing
thickness reflect the fact that the energy of such defects, due to the cubic anisotropy, will
be proportional to the number of interior layers.
VI. MAGNETIZATION
In Sec. III it was shown that the ground state for both three and six layer films is
characterised by ferrimagnetic surface layers with a saturated magnetization Msurf = 1/3
17
  
 
(a) 
(b) 
FIG. 12: Order parameter Mt of the films with (a) three layers and (b) six layers obtained
from the cooling cycle.
per spin in the limit D →∞ with essentially antiferromagnetic interior layers. In Fig. 13 the
surface magnetization per spin is plotted as a function temperature for several values of D.
While the data around TN show a lot of scatter, the magnetization for both the three and
six layer films appears to be significant over the temperature range 0 < T < TN . Projections
of the magnetizations of the top layer onto the normal to the film (z′-axis, parallel to [111])
were also calculated and are nearly identical to the results of Fig. 13 indicating that the
magnetization vector points nearly perpendicular to the film plane and that there is no
preferrential direction (up or down) along the z′ axis.
The data in the six layer case also show, except close to TN , that the surface magnetization
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increases monotonically with increasing D for a given T (consistent with the ground state
results of Fig. 7). In the three layer case, the dependence of the surface magnetization
shows a more complex dependence on D and T due to the fact that TN shows a strong
dependence on D. However, it can be shown that, even for the three layer case, the surface
magnetization increases with increasing D for a constant value of T/TN(D).
 
 
(a) 
(b) 
FIG. 13: Magnetization of the surface layers from (a) three layer and (b) six layer films.
The magnetization of the interior layers was also calculated and found to be small, less
than 0.03, over the same range of D and T values. This result is expected based on the
ground state magnetization of the interior layers shown in Fig. 7. The antiferromagnetic
character of the interior also is reflected in the plots of temperature dependence of the
magnetization per spin of the entire film Mf shown in Fig. 14. Noting that Mf may be
19
written as
Mf = Mint +
2
L
(Msurf −Mint) (11)
and assuming Mint Msurf , we obtain the approximate scaling relation Mf ≈ 2Msurf/L.
  
 
 
(a) 
(b) 
FIG. 14: Magnetization Mf from (a) three layer and (b) six layer films.
We close this section by noting that the finite temperature results for six layer film, like
the ground state calculations of the previous section, show many of the characteristics one
would expect of a thick film, while the behaviour of the three layer film is dominated by the
surface magnetization and its properties are strongly dependent on the value of D. While
the magnetic properties of the three layer film are interesting, the properties of the six layer
film are more representative of thicker films where the effects of the surface anisotropy are
20
limited to the first few layers and do not significantly affect the intensive properties of the
film. That the effects of the surface anisotropy, most notably the surface magnetization, do
not appear to propagate beyond the first few layers is a significant result and represent a
desirable property from the perspective of EB.
VII. CONCLUSIONS
We have extended previous MC studies of classical AF magnetic order in 2D and 3D
kagome lattices to the case of (fcc) ABC stacked thin films. A focus of the present work has
been to examine the impact of axial surface (D) and bulk cubic (K) anisotropies on the spin
configurations and degeneracies for three and six layer films. It is shown that for the six
layer case that the presence of the surface anisotropy leads to a relatively small change in
the value of TN from its 3D value. This is in contrast with the three layer case where TN vs
D exhibits a maximum near D = 0.7 with TN = 0.3 before decreasing to a nearly constant
value of TN ≈ 0.15 for D greater than about 4. (In contrast, for the case of ferromagnetically
exchange coupled spins, TN increases monotonically with increasing D
28.) In addition, the
magnetic structure of the interior layers is qualitatively similar to the q = 0 spin structure
of the bulk material described in 11, while the spins at the surface layers have a component
normal to the (111) plane and order ferrimagnetically.
Results for the order parameter Mt as a function of temperature show switching between
nearly degenerate kagome 1200 spin states as in the bulk case, but only for the three layer
film where surface effects are more pronounced. Switching is much less probable in the six
layer case. This suggests that the magnetic structure of thicker films would be similar to
the six layer films studied here, with values for TN close to that of the bulk material
One of the most striking features of the results is that a moderate to large value of the
surface anisotropy parameter D induces a ferrimagnetic arrangement of the spins on the
surface of the film with a net magnetization directed perpendicular to the film. The results
of these simulations imply that a perpendicular surface anisotropy in IrMn3 would induce a
robust surface magnetization, that persists up to TN , while the interior of the film remains
antiferromagnetic with a small net magnetization. This suggests a mechanism for EB that
is relevant to the fcc kagome structure of IrMn3. However, to what extent this accounts for
the pinning mechanism in current spin valves is not yet clear. For example, the fact that the
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surface magnetization is perpendicular to the surface means that a simple exchange coupling
between the IrMn3 and the planar ferromagnetic Co layer would not produce exchange bias
in the parallel field. However, more complex coupling, e.g. long-range dipole interactions29,30
or anti-symmetric exchange26, could result in a coupling between an fcc kagome lattice and
a planar ferromagnet. It is also of interest to examine the influence of surface (Ir-Mn)
disorder as well as vacancies31 on the magnetic domain structure believed to be relevant
for the field-cooled-induced in-plane uniaxial effective anisotropy associated with the EB
phenonmenon32.
This work was supported by the Natural Science and Engineering Research Council
(NSERC) of Canada and Compute Canada.
Appendix
An analsis of the ground state in the case 0 < D << J , 0 < K << J is outlined here
where perturbation theory is used. Consider first the case with D = 0, K = 0 when spins lie
in the (111¯) plane11. We note that the reduced number of NNs at surfaces does not change
the spin structure from the bulk case so that we take
S1 = (−
√
2
3
,
1√
6
,− 1√
6
), (12a)
S2 = (
1√
6
,−
√
2
3
,− 1√
6
), (12b)
S3 = (
1√
6
,
1√
6
,
√
2
3
). (12c)
It is convenient to work in a polar coordinate system, since while minimizing, the condition
Six
2 + Siy
2 + Siz
2 = 1 is fulfilled automatically. Then, spins S1, S2, M1, and M2 are
described with a polar and an azimutal angles (θ1, φ1), (θ1,
pi
2
−φ1), (α1, β1) and (α1, pi2 −β1),
respectively, and spins S3 and M3 are described with angles (θ3,
pi
4
) and (α3,
pi
4
).
To account for the effects of small K and D, we write the angles which minimize the
energy as an expansion in the form
θ1 = θ
(0)
1 + θ
(1)
1 φ1 = φ
(0)
1 + φ
(1)
1 θ3 = θ
(0)
3 + θ
(1)
3
α1 = α
(0)
1 + α
(1)
1 β1 = β
(0)
1 + β
(1)
1 α3 = α
(0)
3 + α
(1)
3 , (13)
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where the superscript (0) corresponds to the case K = D = 0, and
θ
(0)
1 = arccos
1√
6
;φ
(0)
1 = − arctan 12 ; θ(0)3 = arccos
√
2
3
,
α
(0)
1 = arccos
1√
6
;β
(0)
1 = − arctan 12 ;α(0)3 = arccos
√
2
3
. (14)
After expansion of the energy to second order, minimization requires a solution to the
following matrix equation:
16D
405
− 88J
45
− 8D
27
√
5
+ 4J
9
√
5
− 8
√
2J
9
√
5
− 14J
45
2J
9
√
5
− 4
9
√
2
5
J
− 8D
27
√
5
+ 4J
9
√
5
− 28D
81
− 46J
27
4
√
2J
9
2J
9
√
5
− 8J
27
2
√
2J
9
− 8
√
2J
9
√
5
4
√
2J
9
28D
81
− 2J
3
− 4
9
√
2
5
J 2
√
2J
9
0
− 14J
45
2J
9
√
5
− 4
9
√
2
5
J − 6J
5
+ 32K
135
2J
9
√
5
+ 8K1
27
√
5
− 4
√
2J
9
√
5
2J
9
√
5
− 8J
27
2
√
2J
9
2J
9
√
5
+ 8K
27
√
5
− 28J
27
+ 2K
9
2
√
2J
9
− 4
9
√
2
5
J 2
√
2J
9
0 − 4
√
2J
9
√
5
2
√
2J
9
− 4J
9
+ 2K
27


θ
(1)
1
φ
(1)
1
θ
(1)
3
α
(1)
1
β
(1)
1
α
(1)
3

=

32D
81
√
5
8D
27
8
√
2D
81
− 8K
27
√
5
4K
27
− 2
√
2K
27

. (15)
For small values of D, the solution obtained by this approximation is in excellent agree-
ment with a direct numerical minimization of the energy Eq. (2) (using Wolfram Mathe-
matica).
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